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ABSTRACT 26 
This study assessed the additive effects of passive heating and exercise on cardiac 27 
baroreflex sensitivity (cBRS) and heart rate variability (HRV). Twelve healthy young 28 
men (25±1 yrs, 23.8±0.5 kg/m2) randomly underwent two experimental sessions: heat 29 
stress (HS; whole-body heat stress using a tube-lined suit to increase core temperature 30 
by ~1°C) and normothermia (NT). Each session was composed of a: pre-intervention 31 
rest (REST1); HS or NT interventions; post-intervention rest (REST2); and 14 min of 32 
cycling exercise [7 min at 40%HRreserve (EX1) and 7 min at 60%HRreserve (EX2)]. Heart 33 
rate and finger blood pressure were continuously recorded. cBRS was assessed using 34 
the sequence (cBRSSEQ) and transfer function (cBRSTF) methods. HRV was assessed 35 
using the indices SDNN (standard deviation of RR intervals) and RMSSD (root mean 36 
square of successive RR intervals). cBRS and HRV were not different between 37 
sessions during EX1 and EX2 (i.e. matched heart rate conditions: EX1=116±3 vs. 38 
114±3, EX2=143±4 vs. 142±3 bpm; but different workloads: EX1=50±9 vs. 114±8, 39 
EX2=106±10 vs. 165±8 Watts; for HS and NT, respectively; P<0.01). However, when 40 
comparing EX1 of NT with EX2 of HS (i.e. matched workload conditions, but with 41 
different heart rates), cBRS and HRV were significantly reduced in HS (cBRSSEQ = 42 
1.6±0.3 vs. 0.6±0.1 ms/mmHg, P<0.01; SDNN = 2.3±0.1 vs. 1.3±0.2 ms, P<0.01). In 43 
conclusion, in conditions matched by HR, the addition of heat stress to exercise does 44 
not affect cBRS and HRV. Alternatively, in workload-matched conditions, the addition 45 
of heat to exercise results in reduced cBRS and HRV compared to exercise in 46 
normothermia. 47 
Keywords: heat stress, baroreflex sensitivity, heart rate variability, core temperature, 48 
blood pressure  49 
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New & Noteworthy: The present study assessed cardiac baroreflex sensitivity during 50 
the combination of heat and exercise stresses. This is the first study to show that prior 51 
whole-body passive heating reduces cardiac baroreflex sensitivity and autonomic 52 
modulation of heart rate during exercise. These findings contribute to the better 53 
understanding of the role of thermoregulation on cardiovascular regulation during 54 
exercise.   55 
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INTRODUCTION 56 
During exercise, the arterial baroreflex is reset in an intensity-dependent manner to 57 
operate at the prevailing blood pressure evoked by the exercise (17, 37). This exercise-58 
induced baroreflex resetting is commonly accompanied by a reduction in cardiac 59 
baroreflex sensitivity (cBRS) around the operation point, as has been demonstrated by 60 
a variety of dynamic baroreflex analysis techniques (20, 31, 38). Two main 61 
mechanisms have been proposed for these baroreflex responses during exercise; 62 
central command, i.e. a feedforward mechanism that originates in the brain related to 63 
the perceived effort of the task (17, 32, 37), and the exercise pressor reflex. i.e., a 64 
feedback mechanism situated in skeletal muscle, which responds to mechanical (i.e. 65 
pressure, movement, etc), and chemical (i.e. pH, H+, ATP, acid lactic, diprotonated 66 
phosphate) stimuli (17, 20, 37). Research suggests that during dynamic exercise, the 67 
increased effort sensation alongside chemical and mechanical stimuli in the active 68 
muscle fibers trigger the reduction in cBRS and in parasympathetic nerve activity as 69 
well as the increase in sympathetic nerve activity to the heart, culminating in parallel 70 
increases in heart rate (HR) and blood pressure (17). While this model embraces most 71 
of the exercise-related stimuli, it does not consider the potential effect of increases in 72 
core temperature (Tc) on such autonomic responses (8).  73 
Experimental studies have shown that stimulation of the thermoregulatory center in the 74 
hypothalamus produces neural responses in the cardiovascular control medullary area, 75 
promoting changes in sympathetic nerve and baroreflex activities (16, 40, 42). In 76 
humans, passive heat stress has been shown to increase HR (10), cardiac sympathetic 77 
modulation (3), and skin and muscle sympathetic activities (28), and to decrease 78 
cardiac parasympathetic modulation (12). Investigations of cBRS responses to passive 79 
heat stress in humans have produced equivocal findings, e.g., decreases (7, 12-13, 26, 80 
52), no change (7, 9, 49-51) or increases (24) in cBRS. These conflicting findings may 81 
be explained by the varied baroreflex assessment protocols (10), however, most 82 
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studies assessing integrated baroreflex responses using dynamic techniques to 83 
estimate spontaneous cBRS (i.e. sequential method and transfer function analysis) 84 
have found decreases in cBRS during passive heating (12, 26, 52). 85 
Although the effects of hyperthermia alone on baroreflex function have previously been 86 
investigated (8, 10), there is scarcity of data investigating cBRS responses to combined 87 
heat stress and exercise. Due to the evidence displaying decreases in cBRS in 88 
response to separate effects of passive heating and exercise, it is tempting to 89 
hypothesize that the execution of exercise after passive heating will produce further 90 
reductions in cBRS relative to exercise without prior heat stress. However, there is no 91 
data so far to support such a hypothesis. Therefore, the aim of this study was to assess 92 
the effects of prior passive heating on cardiovascular autonomic and cBRS responses 93 
to exercise in healthy young subjects. To address such a question, we performed HR-94 
matched comparisons of cBRS responses to exercise under heat-stress and 95 
normothermic conditions. However, since such a comparison is only possible through a 96 
reduction of the absolute workload during exercise under heat-stress, we also 97 
performed absolute exercise workload-matched comparisons between heat stress and 98 
normothermic conditions. 99 
 100 
MATERIALS AND METHODS 101 
Subjects 102 
Twelve healthy young men (25±1 yrs; 77±2 kg; 1.80±0.01 m; 23.8±1.9 kg/m2) were 103 
recruited. Participants were recreationally active, had no history of cardiovascular 104 
disease or smoking and were not taking any form of medication. Prior to participation, 105 
subjects received a detailed explanation about the experimental procedures and 106 
provided their written informed consent. The study was conducted in accordance with 107 
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the Declaration of Helsinki and was approved by the local Institutional research ethics 108 
committee. 109 
Exercise Test 110 
Prior to the experimental sessions, subjects attended the laboratory to perform a 111 
maximal exercise test on a magnetically braked cycle ergometer (Corival 400, Lode, 112 
Groningen, The Netherland) using an incremental step protocol. Initially, subjects 113 
remained seated for 3 min on the ergometer, after which they performed 5 min of 114 
warm-up at 50% of the expected maximal workload (i.e. 146 ± 8 Watts). Then, the 115 
workload was increased by 30 watts every 2 min until maximal effort was obtained. All 116 
subjects attained maximal workload within 8 – 12 min [rating of perceived exertion 117 
(RPE) = 19 – 20]. During the test, ventilatory variables were continuously measured 118 
using a metabolic cart (CPX Ultima, Medical Graphics Corporation, Minnesota, United 119 
States) and HR was recorded with a HR monitor positioned at the subject’s chest 120 
(Polar RS800cx, Kempele, Finland). Maximal oxygen consumption (VO2max) and HR 121 
(HRmax) were determined by the maximal values attained at the end of exercise test 122 
(average of 30 s data). 123 
Experimental protocol 124 
All subjects performed two visits to the laboratory at the same time of day, conducted in 125 
a randomized balanced order and separated by 3 – 7 days. Temperature and humidity 126 
of the room were kept constant across the tests (temperature ≈ 22-23 °C; humidity ≈ 127 
35%). Subjects were instructed to avoid alcohol and exercise for 24 h, caffeine 128 
ingestion for 12 h, and food intake for 2 h prior to the sessions.  129 
Upon arrival to the laboratory, subjects had their nude weight measured and collected 130 
their urine for urine osmolality assessment (Uosm; Osmocheck pocket pal OSMO, Vitech 131 
Scientific Ltd, Horsham, United Kingdom). Subjects were admitted to the protocol if 132 
their Uosm ranged from 200 to 600 mOsmol/kgH2O. Experimental measurements started 133 
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with a 10-min baseline supine rest assessment (REST1). Thereafter, subjects were 134 
exposed to the heat stress (HS) or normothermia (NT) interventions in the supine 135 
position. For HS, subjects were dressed in a water-perfused tube-lined suit (Med-Eng, 136 
Ottawa, Canada) covering the entire body, except for the head, face, hands, feet and 137 
the right forearm. This system controls skin temperature by changing the temperature 138 
of the water perfusing the suit. Subjects were exposed to HS by perfusing 48°C water 139 
through the suit until Tc had increased ≈1°C or up to 60 min. The 1°C target increase in 140 
Tc was chosen in order to promote a moderate heat stress in the participants that could 141 
be tolerated during the ensuing exercise. Once the target Tc was reached, the 142 
temperature of the water perfusing the suit was reduced to ~42°C to limit any further 143 
increase in Tc. For NT, subjects remained under laboratory temperature without using 144 
the suit for a similar timeframe. Subjects wore the suit during the whole protocol of the 145 
HS session (e.g., during exercise). For NT, since the use of the suit proved to promote 146 
undesirable heat storage in pilot tests, we decided to perform this entire session 147 
without using the suit in order to maximize the difference in thermal stress between 148 
sessions. After HS/NT interventions, subjects rested in the supine position for a second 149 
10-min rest assessment (REST2). Subjects were then transferred to the cycle 150 
ergometer (Corival 400, Lode, Groningen, The Netherlands) to perform 14 min of 151 
exercise. The first 7 min of exercise were performed at 40% of the subject’s HR 152 
reserve (EX1), whereas the last 7 min were performed at 60% of HR reserve (EX2). 153 
These exercise intensities were chosen in order to elicit light and moderate 154 
physiological overloads, respectively, and to allow reliable assessment of cardiac 155 
autonomic modulation (39). The target HR for each exercise bout (HRex) was 156 
calculated prior to the experimental sessions using the following equation: HRex = 157 
[(HRmax – HRrest) x %] + HRrest (22). The HRrest and HRmax, respectively, referred to the 158 
HR recorded prior to the exercise test and at maximal effort. Workload was set based 159 
on the relationship of HR and workload obtained in the maximal exercise test and was 160 
adjusted during the first 3 min of each exercise bout to maintain the target HR. After 161 
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exercise, subjects had their nude weight reassessed and were instructed to rehydrate 162 
accordingly (Figure 1). 163 
 164 
[insert Figure 1 here] 165 
 166 
Measurements 167 
During the experimental sessions, Tc was measured in intervals of 10 s using a 168 
telemetric temperature pill (CorTemp® Wireless Ingestible Temperature Sensor, 169 
HQInc., Palmetto, Estados Unidos) swallowed by the subjects at least 2 hours prior to 170 
the experiments. This system has been shown to provide a valid Tc measurement at 171 
rest and during exercise (5). Mean skin temperature (Tsk) was measured through the 172 
weighted average of six thermocouples (Surface temperature probe, Ellab, Norwich, 173 
United Kingdom) (44) and recorded continuously online (E-Val Pro, Ellab, Norwich, 174 
United Kingdom). HR was obtained using a 3 lead electrocardiogram (Powerlab, AD 175 
Instruments, Oxford, United Kingdom) and arterial blood pressure was measured on a 176 
beat-by-beat basis on the middle finger of the right hand using photoplethysmography 177 
(Finometer, Finapress Medical System, Amsterdam, The Netherland). Intermittent 178 
brachial blood pressure was also monitored by an automated sphygmomanometer (GE 179 
Pro300V2; Dinamap, Tampa, United States) positioned on the left arm. Skin blood flow 180 
(SKBF) was measured via laser-Doppler flowmetry using an integrated flow probe 181 
(Periflux System 5001, Perimed, Jarfalla, Sweden) attached to the right forearm, and 182 
cutaneous vascular conductance (CVC) was calculated from the ratio of SKBF and 183 
brachial mean arterial pressure (MAP). HR, beat-to-beat blood pressure, Tc and SKBF 184 
were recorded continuously online (Powerlab, AD Instruments, Oxford, United 185 
Kingdom; 1 KHz sampling rate). Thermal discomfort was measured using a 9-point 186 
thermal discomfort scale (0  =  unbearably cold, 9  =  unbearably hot). All of the 187 
aforementioned parameters were recorded for REST1, REST2, EX1 and EX2 and data 188 
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analyses were performed in the last five minutes of each period (i.e. steady state 189 
condition). Additionally, subject’s RPE was recorded for EX1 and EX2 using Borg’s 6-190 
20 scale (2).  191 
Cardiovascular autonomic analysis 192 
HR and blood pressure signals were exported into Heart Scope software (v 1.3.0.1, 193 
AMPS-LLC, New York, NY, USA) for the generation of RR intervals (RRi) and beat-by-194 
beat systolic blood pressure (SBP) time series. The time series were visually inspected 195 
and occasional misdetections were manually corrected. Ectopic beats were identified 196 
and replaced by interpolated RRi values (less than 2% of the signal). Spontaneous 197 
cBRS was calculated using the sequence (cBRSseq) and transfer function (cBRSTF) 198 
techniques. For cBRSseq analysis, the software identified sequences of three or more 199 
consecutive beats in which SBP and RRi changed in the same direction (at least 1 200 
mmHg for SBP and 4 ms for RRi). In each sequence, the slope of the linear regression 201 
line between SBP and RRi was determined (only sequences with r2 > 0.8 were used) 202 
and the mean of the slopes was determined as the mean cBRSseq (33). For cBRSTF, the 203 
transfer function between RRi and beat-by-beat SBP variabilities was obtained by a 204 
bivariate spectral analysis. The greatest magnitude of this function at the low frequency 205 
band was accepted as the cBRSTF (34). For estimations of parasympathetic 206 
modulations to the heart, time-domain HR variability was analyzed through the 207 
calculations of the standard deviation of RRi intervals (SDNN) and the square root of 208 
the mean of the sum of the squares of differences between adjacent normal RR 209 
intervals (RMSSD) (43).  210 
Statistical Analysis 211 
Normal distribution was checked using the Shapiro-Wilk test and was rejected for 212 
SDNN and RMSSD. Thus, these variables were log-transformed (ln) and normality was 213 
achieved. Paired T-Tests were employed to compare descriptive data between HS and 214 
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NT sessions, and to compare cardiovascular autonomic variables between EX1 of NT 215 
and EX2 of HS (i.e. matched-workload condition). A two-way ANOVA (session vs. time) 216 
was employed for comparing responses between HS and NT sessions across the 217 
different time points. When a main effect or an interaction was significant, post hoc 218 
comparisons were performed using the Newman-Keuls test. For all analyses, a p ≤ 219 
0.05 was considered statistically significant. All analyses were performed online using 220 
the software STATISTICA (v 8.0, StatSoft, Tulsa, United States). Data are presented 221 
as mean ± SE.   222 
 223 
RESULTS 224 
The subject’s VO2max, HRmax and maximal workload were 47.3 ± 2.3 ml.kg-1.min-1, 185 ± 225 
2 bpm and 294 ± 13 Watts, respectively. Subject’s initial hydration status was similar 226 
between the sessions as demonstrated by the similar values of Uosm (P = 0.72) and 227 
initial body mass (P = 0.87) in HS and NT sessions (Table 1). However, the HS session 228 
promoted greater body mass loss compared to NT (P<0.01). There were no differences 229 
in EX1 and EX2 HRs (either for absolute HR or % of HR reserve) and RPE between 230 
HS and NT sessions (P = 0.16-0.99). On the other hand, exercise workload was 231 
significantly lower in HS for both EX1 and EX2 (P < 0.01).  232 
 233 
[insert Table 1 here] 234 
 235 
The responses of Tc and Tsk are presented in Figure 2. In HS, Tc (Fig 2a) significantly 236 
increased from REST1 to REST2 (+0.8 ± 0.0 °C; P < 0.01) and this increase persisted 237 
for EX1 and EX2 (P < 0.01). On the other hand, in NT, Tc did not change from REST1 238 
to EX1 (+0.0 ± 0.0 °C; P = 0.65 – 0.86) but slightly increased at the end of EX2 239 
compared with REST2 (+0.3 ± 0.0 ºC; P < 0.01). As a consequence, Tc was 240 
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significantly higher in HS compared with NT from REST2 to EX2 (P = 0.04 for session 241 
vs. time). For Tsk (Fig 2b), in the HS session, Tsk significantly increased from REST1 to 242 
REST2 (+ 3.6 ± 0.2 °C; P < 0.01), and then slightly decreased in EX1 and EX2 (-1.0 ± 243 
0.2 °C; P < 0.01), but still remained above resting levels (P < 0.01). In the NT session, 244 
Tsk did not change from REST1 to REST2 (+0.1 ± 0.0 °C; P = 0.70), but then 245 
decreased at EX1 (-0.6 ± 0.2 °C; P = 0.02) and returned to resting levels at EX2 (P = 246 
0.39 – 0.43). Consequently, Tsk was significantly higher in HS than NT from REST2 to 247 
EX2 (P < 0.01 for session x time). Thermal discomfort was significantly greater in HS 248 
compared with NT session from REST2 until EX2 (6.6 ± 0.2 vs. 5.6 ± 0.1 for all 249 
moments pooled, P < 0.01). 250 
[insert Figure 2 here] 251 
 252 
Hemodynamic Responses 253 
Figure 3 presents the hemodynamic responses to the HS and NT protocols. HR (Fig3a) 254 
increased from REST1 to REST2 in HS (P < 0.01), and then increased to the target 255 
HRs for EX1 and EX2 (i.e. 40% and 60% HRreserve; P < 0.01). In NT, HR did not change 256 
from REST1 to REST2 (P = 0.91), and likewise increased to the target HRs for EX1 257 
and EX2 (P < 0.01). Consequently, HR was significantly greater at REST2 in HS than 258 
NT, but there were no difference between the sessions for the other time points (P < 259 
0.01 for session x time). In both sessions, MAP (Fig3b) did not change from REST1 to 260 
REST2 (P = 0.52 – 0.97) and then increased at EX1 and EX2 (P < 0.01). However, the 261 
increase in MAP during exercise was lower in HS, and for this reason, MAP was 262 
significantly lower at EX1 and EX2 in HS than NT (P < 0.01 for session x time). SKBF 263 
and CVC (Fig3c and 3d) increased from REST1 to REST2 (P < 0.01) in HS and 264 
remained increased at EX1 and EX2 (P < 0.01). In NT, SKBF and CVC did not change 265 
from REST1 to EX1 (P = 0.90 – 0.91) and then slightly increased at EX2 (P = 0.03). 266 
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Therefore, SKBF and CVC were significantly higher in HS vs. NT from REST2 to EX2 267 
(P < 0.01 for session x time). 268 
[insert Figure 3 here] 269 
 270 
Cardiovascular Autonomic Responses 271 
Cardiovascular autonomic responses to HS and NT sessions are depicted in Figures 4 272 
and 5. In HS, BRSseq and BRSTF (Fig4a and 4b) significantly decreased from REST1 to 273 
REST2 (P ≤ 0.01), further decreased from REST2 to EX1 (P < 0.01) and remained 274 
similar in EX2 (P = 0.85 – 0.90). In NT, BRSseq and BRSTF did not change from REST1 275 
to REST2 (P = 0.13 – 0.39), decreased at EX1 (P < 0.01) and remained similar in EX2 276 
(P = 0.90 – 0.92). As a result, BRSseq and BRSTF were significantly lower in HS than NT 277 
at REST2, but there were no differences between sessions during exercise (P = 0.01 – 278 
0.02 for time vs. session). For SDNN and RMSSD (Fig4c and 4d), in HS these 279 
variables progressively decreased (REST1 > REST2 > EX1 > EX2; P < 0.01), while in 280 
NT, SDNN and RMSSD did not change from REST1 to REST2 (P = 0.90 – 0.92) and 281 
then progressively decreased at EX1 and EX2 (P < 0.01). Therefore, SDNN and 282 
RMSSD were significantly lower in HS than NT at REST2, but there were no 283 
differences between sessions during exercise (P < 0.01 for time x session). 284 
 285 
[insert Figure 4 here] 286 
 287 
The matching of HR between the sessions was possible by the manipulation of 288 
exercise workload, which was significantly lower in HS in comparison with NT for both 289 
EX1 and EX2 (P < 0.01; Table 1). So, cardiovascular autonomic responses to EX1 of 290 
NT and EX2 of HS were compared to allow a comparison of similar workloads between 291 
conditions (114 ± 8 vs. 106 ± 10 watts, respectively, P = 0.38), but with different HRs 292 
(114 ± 3 vs. 143 ± 4 bpm, respectively, P < 0.01). In this comparison, Tc (38.0 ± 0.3 vs. 293 
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37.0 ± 0,4 °C), Tsk (36.5 ± 0.6 vs. 32.7 ± 1.2 °C), SKBF (163 ± 91 vs. 51 ± 26 a.u.) and 294 
CVC (2.14 ± 1.25 vs. 0.55 ± 0,29 a.u./mmHg) were all significantly higher (P < 0.05), 295 
and MAP was significantly lower (92 ± 6 vs. 115 ± 18 mmHg; P < 0.01) in EX2 of HS in 296 
comparison with EX1 of NT. Regarding the comparisons of autonomic variables, 297 
BRSseq, BRSTF, SDNN and RMSSD were lower in HS in comparison with NT (P < 0.01; 298 
Figs 5a, 5b, 5c and 5d). 299 
 300 
[insert Figure 5 here] 301 
 302 
DISCUSSION 303 
The aim of this study was to assess the additive effects of exercise and passive 304 
heating on baroreflex function in healthy young subjects. Subjects underwent passive 305 
heat stress or normothermia and then performed short-term exercise. HS produced 306 
expected thermoregulatory changes (1, 14, 19), such as elevations in Tc, Tsk, HR, 307 
SKBF and CVC. In addition, HS attenuated the increases in MAP to exercise. Despite 308 
these thermal and hemodynamic differences, cBRS and HRV during exercise were not 309 
different between sessions when comparisons were matched by HR. However, when 310 
similar absolute workloads were compared (i.e. EX1 of NT x EX2 of HS), both BRS and 311 
HRV were reduced in HS compared with NT. 312 
The separate effects of exercise and passive heating on cardiovascular autonomic 313 
function have been widely explored (7, 9, 12-13, 20, 26, 37-38, 50-52). Studies using 314 
dynamic techniques of spontaneous BRS analysis have consistently demonstrated a 315 
reduction in cBRS in response to both exercise (20, 31, 38) and passive heating (12, 316 
26, 52). In the present study, the reduction in cBRS from REST2 to exercise (EX1/EX2) 317 
in NT confirms the isolated effect of exercise on cBRS, while the reduction in cBRS 318 
from REST1 to REST2 in HS demonstrates the isolated effect of heating on BRS. 319 
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Despite these findings outlining the independent effects of both exercise and passive 320 
heating on cBRS responses, there is a scarcity of information on the additive effects of 321 
heating and exercise on cBRS. In one of the few studies investigating such a question, 322 
Norton et al. (30) observed a progressive baroreflex resetting and an increase in Tc 323 
during prolonged exercise, and this response was independent of the reduction in 324 
central venous pressure, raising the possibility that the Tc increase accompanying the 325 
exercise could have been responsible for the progressive baroreflex resetting. 326 
However, it is not possible to rule out the potential concurrent influence of increased 327 
central command to this progressive baroreflex resetting, since RPE also increased 328 
during exercise (30). In the present study, when comparisons were matched by HR, 329 
RPE was similar between sessions, suggesting similar central command activation 330 
(47). In this comparison, cBRS was similar between the sessions, contradicting the 331 
hypothesis of an additive effect of exercise and heating on the BRS response.  332 
Several factors may explain why cBRS was not different during exercise between the 333 
thermal conditions when matched by HR. The interaction between passive heating- 334 
and exercise-induced changes in cBRS may not simply be additive but rather 335 
complimentary or even redundant (32, 48). So, in the absence of one mechanism, 336 
other mechanisms could work in concert to provide the required response (48). Based 337 
on that hypothesis, in the NT session of the present study non-thermoregulatory 338 
mechanisms could have predominated in lieu of the absent thermoregulation-driven 339 
autonomic responses, resulting in equivalent cBRS responses to exercise in 340 
comparison to the HS session. Studies testing the interaction of various mechanisms in 341 
the baroreflex responses to exercise, for example central command and the exercise 342 
pressor reflex, have given support to this “redundancy hypothesis” (4, 18, 27, 48). A 343 
‘basement’ effect in the responses should not be disregarded as well. BRS values 344 
during exercise without heating approached near-to-zero values. So, even with a 345 
potential additive effect of heating on such responses, this response could be virtually 346 
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restrained by the minimum achievable values. Finally, it is important to highlight that in 347 
order to match HR between the sessions, the workload had to be reduced in HS 348 
session. This reduced workload in HS might have elicited reduced muscle fiber 349 
recruitment, ultimately leading to a reduced exercise pressor reflex (35). Since the 350 
exercise pressor reflex also influences BRS responses to exercise (17, 20, 37), this 351 
reduced workload in HS might have prevented differences in BRS responses between 352 
sessions.  353 
In order to balance the influence of different workloads and the potential influence of 354 
exercise pressor reflex on the study’s main outcomes, we also compared the 355 
differences in cBRS between EX1 of NT and EX2 of HS (i.e. similar absolute workloads 356 
but higher HR during EX2 of HS). It could be argued that differences in time of 357 
assessment between EX1 of NT and EX2 of HT (i.e., first 7 min vs. last 7 min of the 14 358 
min of exercise) might have differently affected CBRS and HRV between sessions. 359 
However, after initial adjustments (i.e., first 3 min of exercise) duration does not seem 360 
to affect autonomic measurements during short-term exercise (36), and for this reason 361 
the observed differences between sessions most likely result from different thermal 362 
stresses. In this sense, absolute workload-matched comparisons revealed a reduced 363 
cBRS in HS compared with NT, suggesting an additive effect of heating during exercise 364 
when workload-matched conditions are used.  365 
The mechanisms whereby heat stress might affect cBRS responses during exercise in 366 
workload-matched conditions are not well known. Experimental studies have shown 367 
that stimulation of thermoregulatory-related areas in the brain promote neural 368 
responses in cardiovascular control medullary areas (16, 40, 42). Although this has not 369 
been investigated, this relationship might also be present during exercise under heat 370 
stress conditions and, for this reason, the hyperthermia might be partly responsible for 371 
the changes in cBRS via central interactions. Other mechanisms might include the 372 
parasympathetic and sympathetic responses to exercise and heating. It is well 373 
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demonstrated that exercise and heat stress independently reduce parasympathetic and 374 
increase sympathetic nerve activity to the heart and vasculature (3, 28, 46). So, it is 375 
possible that during both exercise and heat stress, these responses will be 376 
accentuated, reducing the capacity for additional parasympathetic withdrawal and 377 
sympathetic activation to sequences of blood pressure decay. The parasympathetic 378 
withdrawal occurring during exercise might be specifically related to BRS responses, 379 
since Ogoh et al. (31) demonstrated that parasympathetic blockade significantly 380 
reduced cBRS at rest and prevented further reductions during exercise. The greater 381 
reduction of the time-domain HRV indices SDNN and RMSSD in HS compared with NT 382 
(using matched workload comparisons) supports a reduction in parasympathetic 383 
modulation to the heart at rest and during exercise under heat stress, and are in line 384 
with previous studies using passive heat stress (12, 23). Additionally, it is also not 385 
possible to rule out the chance that increased central command activation may be 386 
behind the reduced BRS and HRV in HS compared with NT in workload-matched 387 
conditions. In such a comparison, RPE was significantly greater in HS than NT (13±1 388 
vs. 11±1, P < 0.01), which suggests greater central command activation in the former. 389 
Future studies are needed to directly assess the effects of heating on central command 390 
activation in response to exercise. Finally, a decrease in central venous pressure 391 
secondary to the cardiovascular drift promoted by HS (i.e., increases in skin blood flow 392 
and conductance) might also partially explain the decrease in cBRS and HRV in this 393 
session via cardiopulmonary baroreflex deactivation (11, 15). 394 
The results of the present study indicated that cBRS and HRV did not differ between 395 
HS and NT when conditions were matched by HR, but were lower in HS when 396 
conditions were matched by workload but with different HRs. Apart from the potential 397 
mechanisms discussed above to explain the effects of heating on cardiac autonomic 398 
responses, a potential HR-dependence of the assessed autonomic variables should 399 
not be neglected. In this sense, Monfredi et al. (29) tested a variety of cardiac 400 
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preparations and observed that HR is a major determinant of HRV responses to 401 
several stimuli. So, the greater HR can partially explain the reduced HRV observed in 402 
the HS session when comparisons were matched by absolute workload. However, as 403 
acknowledged by Monfredi et al. (29) and demonstrated by other studies (41, 45), a 404 
reduced HRV does not only result from an increased HR, but still is an independent 405 
predictor of cardiovascular risk, providing useful information on cardiac autonomic 406 
modulation.  407 
There are some limitations in this study that should be highlighted. Firstly, the results 408 
are limited to healthy young men, and future studies are necessary to assess the 409 
additive effects of passive heating and exercise on cardiac autonomic function in other 410 
populations (e.g., women, elderly, individuals with cardiovascular diseases, etc). 411 
Secondly, in order to equalize HR between sessions we had to manipulate the exercise 412 
workloads, which were significantly lower in HS. In an attempt to overcome such a 413 
limitation, we also performed comparisons between matched workload conditions, but 414 
with these comparisons HR and RPE were significantly increased in HS. The difficulty 415 
of matching HR, RPE and workload in a single comparison between different thermal 416 
conditions is present in most thermoregulation and exercise studies (6). An alternative 417 
could be to assess the additive effects of heating and exercise during the post-exercise 418 
phase instead of during the exercise period. Using this approach, the concerns about 419 
workload and RPE would be absent, with only HR remaining to be matched. Other 420 
limitations involve the methods employed for BRS assessment during exercise. 421 
Although spontaneous methods have advantages over other methods, including their 422 
simplicity, noninvasive nature, low operational cost, good reproducibility and capacity to 423 
assess the integrated baroreflex responses to exercise (21, 25), these methods do not 424 
allow the assessment of baroreflex responses along its full stimulus-response curve, 425 
including the analysis of baroreflex resetting; only providing information on baroreflex 426 
sensitivity around the operating gain of HR and blood pressure. The decreased MAP in 427 
18 
 
conjunction with similar HR during exercise in the HS session compared with NT 428 
suggest a baroreflex resetting produced by HS. Studies involving more intricate 429 
techniques such as neck chamber or pharmacological approaches could help to clarify 430 
the effects of heating and exercise on full baroreflex stimulus-response curves. Finally, 431 
using the present design it is not possible to distinguish the isolated effects of body 432 
temperature and cardiovascular drift on the main outcomes. Future studies should 433 
employ strategies to maintain central venous pressure while testing the effects of 434 
heating on cBRS responses to exercise. 435 
The present study assessed the additive effects of heating and exercise on autonomic 436 
responses to exercise. Distinct conclusions can be made depending on the factors 437 
used for comparison. In conditions matched by HR, the addition of heat to exercise 438 
does not promote further decreases in baroreflex sensitivity, probably because of 439 
redundancy among mechanisms, a ‘basement effect’ and/or a reduction in workload. 440 
On the other hand, in conditions matched by workload but with different HRs, the 441 
addition of heat to exercise culminates in reduced baroreflex sensitivity and reduced 442 
parasympathetic modulation to the heart. This latter result opens up the perspective of 443 
the prevailing thermal stress being an active mechanism modulating baroreflex 444 
responses to exercise. Future studies should try to investigate the additive effects of 445 
heating and exercise in conditions matched by workload, HR and RPE, analyzing the 446 
full baroreflex stimulus-response curves.  447 
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FIGURE CAPTIONS 610 
Figure 1 – Experimental protocol. Subjects performed two randomized visits in separate days 611 
(heat stress – HS and normothermia – NT). REST1, resting prior to the HS or NT interventions. 612 
REST2, resting after the HS or NT interventions. EX1, first 7 min of the exercise performed at 613 
40% of the subject’s heart rate reserve. EX2, final 7 min of the exercise performed at 60% of the 614 
subject’s heart rate reserve 615 
Figure 2 – Core (Tc) and mean skin (Tsk) temperature measured (mean ± SE) in the heat stress 616 
(HS; n = 12) and normothermia (NT; n = 12) sessions. REST1, resting prior to the HS or NT 617 
interventions. REST2, resting after the HS or NT interventions. EX1, first 7 min of the exercise 618 
performed at 40% of the subject’s heart rate reserve. EX2, final 7 min of the exercise performed 619 
at 60% of the subject’s heart rate reserve. A two-way ANOVA (session vs. time) was employed 620 
for comparing responses between HS and NT sessions across the different time points. * p ≤ 621 
0.05 vs. REST1. # p ≤ 0.05 vs. REST2. † p ≤ 0.05 vs. NT. 622 
Figure 3 – Hemodynamic responses (mean ± SE) in the heat stress (HS; n = 12) and 623 
normothermia (NT; n = 12) sessions. HR, heart rate. MAP, mean arterial pressure. SKBF, skin 624 
blood flow. CVC, cutaneous vascular conductance. REST1, resting prior to the HS or NT 625 
interventions. REST2, resting after the HS or NT interventions. EX1, first 7 min of the exercise 626 
performed at 40% of the subject’s heart rate reserve. EX2, final 7 min of the exercise performed 627 
at 60% of the subject’s heart rate reserve. A two-way ANOVA (session vs. time) was employed 628 
for comparing responses between HS and NT sessions across the different time points. * p ≤ 629 
0.05 vs. REST1. # p ≤ 0.05 vs. REST2. ‡ p ≤ 0.05 vs. EX1. † p ≤ 0.05 vs. NT. 630 
Figure 4 – Cardiovascular autonomic measures (mean ± SE) in the heat stress (HS; n = 12) 631 
and normothermia (NT; n = 12) sessions. BRSseq, cardiac baroreflex sensitivity assessed 632 
through the sequence method. BRSTF, cardiac baroreflex sensitivity assessed through the 633 
transfer function method. SDNN, standard deviation of the RR intervals. RMSSD, square root of 634 
the mean of the sum of the squares of differences between adjacent normal RR intervals. 635 
REST1, resting prior to the HS or NT interventions. REST2, resting after the HS or NT 636 
interventions. EX1, first 7 min of the exercise performed at 40% of the subject’s heart rate 637 
reserve. EX2, final 7 min of the exercise performed at 60% of the subject’s heart rate reserve. A 638 
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two-way ANOVA (session vs. time) was employed for comparing responses between HS and 639 
NT sessions across the different time points. * p ≤ 0.05 vs. REST1. # p ≤ 0.05 vs. REST2. ‡ p ≤ 640 
0.05 vs. EX1. † p ≤ 0.05 vs. NT. 641 
Figure 5 – Comparison of the cardiovascular autonomic variables (mean ± SE) measured at 642 
EX1 of the normothermic session (NT EX1; n = 12) and EX2 of the heat stress session (HS 643 
EX2; n = 12) (i.e. matched-workload conditions with different heart rates). BRSseq, cardiac 644 
baroreflex sensitivity assessed through the sequence method. BRSTF, cardiac baroreflex 645 
sensitivity assessed through the transfer function method. SDNN, standard deviation of the RR 646 
intervals. RMSSD, square root of the mean of the sum of the squares of differences between 647 
adjacent normal RR intervals. Paired T-Tests were employed to compare data between NT EX1 648 
and HS EX2.  $ p ≤ 0.05 vs. NT EX1.  649 
 650 
  651 
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TABLES 652 
Table 1 – Subject’s hydration status and exercise parameters (mean ± SE) during the 653 
heat stress (HS) and normothermia (NT) sessions. P values are for HS vs. NT. 654 
 HS NT P 
Hydration Status    
Uosm (mOsmol/kgH2O) 449 ± 60 470 ± 58 0.72 
Initial body mass (kg) 77.0 ± 2.4 77.0 ± 2.5 0.87 
Final body mass  (kg) 76.1 ± 2.4 † 76.7 ± 2.5 < 0.01 
Body mass loss (kg) 0.9 ± 0.1 † 0.3 ± 0.1 < 0.01 
    
Exercise Parameters    
EX1    
HR (bpm) 116 ± 3 114 ± 3 0.73 
HR (%HRreserve) 40 ± 1 40 ± 1 0.49 
Workload (Watts) 50 ± 9 † 114 ± 8 < 0.01 
RPE (6-20) 11 ± 1 11 ± 1 0.63 
    
EX2    
HR (bpm) 143 ± 4 142 ± 3 0.61 
HR (%HRreserve) 62 ± 1 62 ± 1 0.99 
Workload (Watts) 106 ± 10 † 165 ± 8 < 0.01 
RPE (6-20) 13 ± 1 13 ± 1 0.16 
Uosm, urine osmolality. EX1, first 7 min of the exercise performed at 40% of the subject’s heart 655 
rate reserve. EX2, final 7 min of the exercise performed at 60% of the subject’s heart rate 656 
reserve. HR, heart rate. RPE, rating of perceived exertion. † p ≤ 0.05 vs. NT session. 657 
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